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IL4 (interleukin 4) induces autophagy in B cells leading to exacerbated asthma
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ABSTRACT
Allergic asthma is a common airway inflammatory disease in which B cells play important roles through IgE
production and antigen presentation. SNP (single nucleotide polymorphism) analysis showed that Atg
(autophagy-related) allele mutations are involved in asthma. It has been demonstrated that
macroautophagy/autophagy is essential for B cell survival, plasma cell differentiation and immunological
memory maintenance. However, whether B cell autophagy participates in asthma pathogenesis remains
to be investigated. In this report, we found that autophagy was enhanced in pulmonary B cells from
asthma-prone mice. Autophagy deficiency in B cells led to attenuated immunopathological symptoms in
asthma-prone mice. Further investigation showed that IL4 (interleukin 4), a key effector Th2 cytokine in
allergic asthma, was critical for autophagy induction in B cells both in vivo and in vitro, which further
sustained B cell survival and enhanced antigen presentation by B cells. Moreover, IL4-induced autophagy
depended on JAK signaling via an MTOR-independent, PtdIns3K-dependent pathway. Together, our data
indicate that B cell autophagy aggravates experimental asthma through multiple mechanisms.

Abbreviations: ACTB: actin, beta; AKT/PKB: thymoma viral proto-oncogene; ANXA5: annexin A5;
APC: antigenpresenting cell; Atg: autophagy-related; Atg5-cKO: Atg5 conditional knockout;
BALF: bronchoalveolar lavage fluid; BECN1: Beclin 1, autophagy related; CFSE: carboxyfluorescein
succinimidyl amino ester; CoIP: coimmunoprecipitation; CQ: chloroquine; CR2/CD21: complement receptor
2; EIF4EBP1: eukaryotic translation initiation factor 4E binding protein 1; ELISA: enzyme-linked
immunosorbent assay; FCER2A/CD23: Fc receptor, IgE, low affinity II, alpha polypeptide; HRP: horseradish
peroxidase; HsIL4: homo sapiens IL4; H2/MHC-II: histocompatibility-2, MHC; IFNG: interferon gamma;
IL4RA: interleukin 4 receptor, alpha; Ig: Immunoglobulin; IL: interleukin; JAK1: Janus kinase 1; JAK3: Janus
kinase 3; LAP: LC3-associated phagocytosis; MACS: magnetic-activated cell separation; MAP1LC3B/
LC3B: microtubule-associated protein 1 light chain 3 beta; MLN: mesenteric lymph node;
MTOR: mechanistic target of rapamycin (serine/threonine kinase); OT-II/Tg (TcraTcrb) 425Cbn: transgene
insertion 425, Frank Carbone; OVAL/SERPINB14: ovalbumin; PAS: periodic acid Schiff’s staining;
PBS: phosphate-buffered saline; PCR: polymerase chain reaction; PI: propidium iodide;
PIK3C3: phosphatidylinositol 3-kinase catalytic subunit type 3; PIK3R4: phosphoinositide-3-kinase
regulatory subunit 4; PtdIns3P: phosphatidylinositol-3-phosphate; PtdIns3K: class III phosphatidylinositol 3-
kinase; PTPRC/B220: protein tyrosine phosphatase, receptor type, C; ROS: reactive oxygen species;
RPS6KB: ribosomal protein S6 kinase; siRNA: small interfering RNA; SNP: single nucleotide polymorphism;
STAT6: signal transducer and activator of transcription 6; Th cell: T helper cell; ULK1: unc-51 like kinase 1;
WT: wild-type; 3-MA: 3-methyladenine; 7AAD: 7-Amino-Actinomycin D
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Introduction

Asthma is a common chronic respiratory disease with signifi-
cant morbidity and mortality around the world, which affects
about 300 million people of all races and age groups [1].
Emerging evidence has highlighted the importance of autoph-
agy in asthma [2-6]. Autophagy is an evolutionarily conserved
cellular process for degrading unfolded or long-lived proteins,
impaired cytoplasmic organelles, ROS (reactive oxygen species)

and recycling amino acids in eukaryotic cells [7]. Studies have
showed that autophagy involves in embryo development, neu-
ral degeneration, tumor suppression, metabolism homeostasis
and immune defense [7]. SNP analysis shows that Atg5 or Atg7
allele mutations are associated with childhood asthma as well
as adult asthma [8]. More double-membrane autophagosomes
are observed in epithelial cells of bronchial biopsy samples
from asthma patients compared with those from healthy
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individuals, and the study has also shown that autophagy is
induced by ROS in bronchial epithelial cells to sustain cell sur-
vival [9]. A recent study also shows that dendritic-cell-specific
deletion of Atg5 facilitates neutrophilic airway inflammation
and hyper-reactivity [10]. The above studies indicate that
autophagy may participate in asthma pathogenesis.

Airway allergic inflammatory response plays a definitive role
in the pathogenesis of asthma [11], which involves enhanced
pulmonary Th2 response (including increased Th2 cytokine
production, such as IL4 and IL13) and a large number of differ-
ent types of immune cells recruited into the lung of asthma
patients, such as granulocytes, dendritic cells, macrophages, T
cells and B cells [12,13]. Among those, B cells play essential
roles in asthma pathogenesis [14]. Activated B cells participate
in asthma pathogenesis through producing antigen-specific
antibody and processing and presenting antigen to T cells [15].,

[16] Current studies have demonstrated that autophagy plays
important roles in B cell biology. Miller B. and colleagues have
reported that autophagy is required for the maintenance of B-
1a cells and B cell development from pro- to pre-B cells [17],
but there is evidence that autophagy is dispensable for B cell
development [18]. Several studies have demonstrated that
autophagy participates in the differentiation and survival of
plasma cells [18-21], and facilitates the maintenance of B cell
immunological memory [22]. Moreover, B cell autophagy is
involved in regulating antigen presentation to certain types of
antigen [23,24]. However, the role of B cell autophagy in
asthma as well as the regulation of B cell autophagy in asth-
matic allergic condition remains largely unclear.

In the study, we examined the function and regulation of B
cell autophagy in asthma-prone mice. We found that autoph-
agy was enhanced in pulmonary B cells of asthma-prone mice.
Autophagy deletion in B cells attenuated the immunopatho-
logical symptoms of asthma-prone mice. Further investigation
demonstrated that IL4 specifically induced autophagy in pri-
mary B cells, which sustained B cell survival and promoted B
cell antigen presentation. Moreover, IL4-induced autophagy
was mediated by JAK signaling via an MTOR-independent and
PtdIns3K-dependent pathway. Overall, our study not only
extends the knowledge of autophagy regulation in B cells, but
also provides new insight in understanding the pathogenesis of
asthma.

Results

Autophagy deficiency in B cells attenuates the
immunopathological symptoms in asthma-prone mice

Asthma is a common chronic respiratory disease with signifi-
cant morbidity and mortality [1], but the pathogenesis of
asthma has not been fully understood. A recent study has
shown that autophagy is increased in bronchial epithelial cells
of biopsy tissues from asthma patients [9]. As autophagy is vital
for B cell functions, we wondered whether B cell autophagy was
involved in asthma. First, we isolated pulmonary B cells from
asthma-prone mice and control mice, and assessed autophagy
flux by immunoblotting analysis. It was found that autophagy
flux was enhanced in pulmonary B cells of asthma-prone mice
compared to control mice (Figure 1(A)), which suggested that

B cell autophagy might participate in the pathogenesis of
asthma. To determine whether B cell autophagy participated in
asthma in vivo, we bred mice with B cell-specific deletion of
Atg5 (Atg5-cKO, Atg5 conditional knockout henceforth in the
text) by crossing Cd19-cre mice with Atg5flox/flox mice. OVAL-
sensitized asthma models were generated with Atg5-cKO mice
and Cd19-cre mice by immunizing with OVAL in aluminum
adjuvant on d 1 and d 14 intraperitoneally. On d 21 to 23, mice
were challenged with atomized OVAL (Sigma, A5503; 2.5% w:v
in PBS) for 30 min every day. Th2 cytokine production in
BALF (bronchoalveolar lavage fluid), OVAL-specific IgE pro-
duction in serum as well as inflammatory cells infiltration and
mucus production in bronchi were monitored. Our data
showed that IL4 and IL13 production in BALF and OVAL-spe-
cific IgE production in serum were notably increased in Cd19-
cre asthma-prone mice, but these parameters were much lower
in Atg5-cKO asthma-prone mice (Figure 1(B–D)). Moreover,
we found that inflammatory cells infiltration in BALF and pul-
monary parenchyma (Figure 1(E,F)) and mucus production in
bronchi (Figure 1(G)) were reduced in Atg5-cKO asthma-prone
mice compared to Cd19-cre asthma-prone mice. The data indi-
cated that autophagy deficiency in B cells attenuated the immu-
nopathological symptoms of asthma.

Next, we studied how B cell autophagy regulated the immu-
nopathological symptoms of asthma. Previous studies have
reported that autophagy regulates B cell development and
plasma cell differentiation [18-21]. We assessed B cell develop-
ment in the bone marrow, B cell subsets in the spleen and the
peritoneal cavity, and plasma cells number in the spleen and
the MLN (mesenteric lymph node) from Atg5-cKO asthma-
prone mice and Cd19-cre asthma-prone mice. Our data showed
that there was no difference in the percentage of pro-B cells or
pre-B cells in the bone marrow between Atg5-cKO asthma-
prone mice and Cd19-cre asthma-prone mice (Figure S1(A)).
Moreover, no difference was found in the percentages of
mature B cells, transitional B cells (type 1 and 2), marginal
zone B cells and follicular B cells in the spleen of Atg5-cKO
asthma-prone mice and Cd19-cre asthma-prone mice (Figure
S1(B,C)), which indicated that autophagy deficiency in CD19+

B cells did not affect B cell development in the bone marrow
and B cell maturation in the spleen. Furthermore, we found
that in the peritoneal cavity, the percentage of B1a cells
decreased, but the percentages of B1b and B2 cells had no dif-
ference between Atg5-cKO asthma-prone mice and Cd19-cre
asthma-prone mice (Figure S1(D)). We also found decreased
numbers of plasma cells in the spleen and MLN in Atg5-cKO
asthma-prone mice compared to Cd19-cre asthma-prone mice
(Figure S1(E,F)), which was consistent with previous findings
[17,18,20]. Thus, the decreased plasma cells probably led to
reduced serum IgE in Atg5-cKO asthma-prone mice compared
to Cd19-cre asthma-prone mice.

As B cells act as antigen-presenting cells during immune
response [16], we wondered whether autophagy deficiency
impaired B cell antigen presentation and followed Th2 response
in asthma-prone mice. To test this hypothesis, we examined the
percentage and phenotype of pulmonary B cells in Atg5-cKO
asthma-prone mice and Cd19-cre asthma-prone mice. The data
showed that the percentage of pulmonary B cells and expres-
sion levels of H2 (histocompatibility-2, MHC) on pulmonary
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Figure 1. Autophagy deficiency in B cells attenuates the immunopathological symptoms in the murine asthma model. (A) Pulmonary B cells were purified from control
mice) and asthma-prone mice, and treated with or without CQ for 3 h. The accumulation of LC3B-II was measured by immunoblotting of whole cell lysates. Bar graph rep-
resents mean § SEM of autophagy flux through measuring the difference of LC3B-II intensity in cells treated with and without CQ. Ctrl, control mice; Asth, asthma-prone
mice. Experiments were performed using cells from a pool of 10 to 15 mice per group. ��P < 0.01, determined by the Student t test. Data are representative of 3 indepen-
dent experiments. (B to D) BALF (Bronchoalveolar lavage fluid) and serum were harvested from Cd19-cre asthma-prone mice or Atg5-cKO asthma-prone mice. The produc-
tion of IL4 (B) and IL13 (C) in BALF and OVAL-specific IgE (D) in serum were measured by ELISA, n = 5 per group; �, P<0.05; ��, P<0.01; calculated by the Student t test (B)
or Mann-Whitney test (C and D). Data are representative of 3 independent experiments. (E) Quantification of inflammatory cell infiltration in BALF by flow cytometry. Data
are presented as mean § SEM. TCC, total cell number; Lym, lymphocytes; Neut, neutrophils; Eos, eosinophils; Mac, macrophages. n = 5 per group; �P < 0.05; ��P < 0.01;
determined by the Student t test. Data are representative of 3 independent experiments. (F) Representative images of hematoxylin- and eosin-stained lung tissue sections
of Cd19-cre asthma-prone mice and Atg5-cKO asthma-prone mice (magnification£ 200; scale bars: 50 mm). (G) Representative images of PAS-stained lung tissue sections
of Cd19-cre asthma-prone mice and Atg5-cKO asthma-prone mice (maginification£ 200; scale bars: 50 mm). Bar graph represents mean§ SEM of bronchi mucus produc-
tion analyzed by ImageJ software, n = 5 per group; ��, P<0.01; determined by the Mann-Whitney test. Data are representative of 3 independent experiments. (H and I)
Flow cytometry analysis of the frequency (H) and phenotype (I) of pulmonary B cells from control mice or asthma-prone mice generated with Atg5-cKO mice or Cd19-cre
mice. Pulmonary infiltrated lymphocytes were stained with CD19, H2, CD86, CD80 and CD40. Data are presented as mean § SEM; �, P<0.05; ���, P<0.001; determined by
the Student t test. Data are representative of 2 independent experiments. (J and K) Pulmonary CD4+ T cells of WT asthma-prone mice were cocultured with splenic B cells
of Cd19-cre controls or of Atg5-cKO mice in the presence or absence of OVAL for 5 d. The amount of IL4 (J) or IL13 (K) in the supernatant was assessed by ELISA. Data are
represented as mean§ SEM. Experiments were performed in triplicate using cells from a pool of 10 mice; �, P<0.05; ns, not statistically significant; determined by the Stu-
dent t test. Data are representative of 3 independent experiments.
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B cells were reduced in Atg5-cKO asthma-prone mice com-
pared to Cd19-cre asthma-prone mice (Figure 1(H,I), Figure S2
(A–F)), which suggested that autophagy deletion impaired the
survival and antigen presentation of pulmonary B cell. Next,
we cocultured pulmonary CD4+ T cells from WT (wild-type)
asthma-prone mice with splenic B cells from Atg5-cKO mice or
Cd19-cre mice in the presence or absence of OVAL protein for
5 d, the production of IL4 and IL13 in the supernatant was
measured by ELISA. Atg5-cKO B cells showed decreased pro-
duction of IL4 and IL13 in the supernatant (Figure 1(J,K)),
which suggested that autophagy deletion in B cells might atten-
uate T cell response. Overall, these data demonstrated that
autophagy deficiency in B cells attenuated immunopathological
symptoms in asthma.

IL4 induces autophagy flux in B cells

Autophagy of immune cells is regulated by cytokines [25].
Recently, it has been reported that IL4 induces autophagy in
activated CD4+ Th2 cells [26], and IL13 induces autophagy in
bronchial epithelial cells [27]. To verify whether Th2 cytokines
regulated B cell autophagy in asthma, we pretreated asthma-
prone mice with JANEX-1, a specific JAK3 inhibitor, before
atomized OVAL challenge to block signaling activated by Th2
cytokines. Then pulmonary B cells were isolated from asthma-
prone mice pretreated with or without JANEX-1 and assessed
for autophagy flux. It was found that JANEX-1 treatment
reduced B cell autophagy flux induced by asthmatic allergic
condition (Figure 2(A)), which indicated that Th2 cytokines
induced autophagy in pulmonary B cells of asthma-prone
mice. Th2 cytokines IL4 and IL13 share IL4RA (IL4R in
humans) and downstream signaling, and they have similar bio-
logical effects on cells [28]. To verify the role of Th2 cytokines
in B cell autophagy, murine splenic B cells were directly treated
with murine IL4 or IL13 for different time intervals (1.5, 3, 6,
12 and 24 h) in vitro, and the accumulation of MAP1LC3B-II/
LC3B-II was assessed by immunoblotting. The data showed
that IL4, not IL13, effectively promoted the accumulation of
LC3B-II in B cells (Figure 2(B,C)), which suggested that IL4,
instead of IL13, induced autophagy in B cells.

To determine whether endogenous IL4 induced autophagy
flux in B cells, we cocultured splenic B cells from control mice
with isolated pulmonary CD4+ T cells from asthma-prone mice
with OVAL protein. The autophagy flux in B cells was signifi-
cantly enhanced when cocultured with pulmonary CD4+ T cells
in the presence of OVAL protein, an effect almost completely
abolished by IL4 neutralizing antibody (Figure 2(D)). These
data suggested that endogenous IL4 was responsible for induc-
ing B cell autophagy during experimental asthma.

In addition, IL4-induced accumulation of LC3B-II was
reversed by IL4 neutralizing antibody (Figure 2(E)) or the
autophagy inhibitor 3-MA (Figure 2(F)). Moreover, IL4 treat-
ment was found to promote autophagy flux in splenic B cells
(Figure 2(G)). Furthermore, we observed autophagosome for-
mation in IL4-treated murine splenic B cells as revealed by con-
focal microscopy (Figure 2(H)) and transmission electron
microscopy (Figure 2(I)). Consistent with the immunoblotting
analysis (Figure 2(G)), IL4 facilitated the formation of LC3B
puncta in B cells, which was enhanced by CQ (chloroquine)

treatment (Figure 2(H)). As expected, IL4 increased the num-
ber of autophagosomes in B cells (Figure 2(I)).

Finally, we treated human primary B cells with HsIL4 (homo
sapiens IL4) in the presence or absence of the JAK3 inhibitor
JANEX-1. The result showed that HsIL4 induced autophagy
flux in human B cells (Figure S3). Altogether, these data dem-
onstrated the notion that IL4 induced autophagy in both
human and murine primary B cells.

IL4-induced autophagy promotes survival and antigen
presentation of B cells

Next, we investigated the effects of IL4-induced autophagy on
primary B cells. Since IL4 has an antiapoptosis effect on B cells
[29], we treated murine splenic B cells with IL4 in the absence
or presence of the autophagy inhibitor 3-MA, and examined B
cell apoptosis. The results showed that IL4 markedly enhanced
B cell survival, which was inhibited by 3-MA (Figure 3(A)). To
exclude the possible cytotoxicity of 3-MA, splenic B cells from
Cd19-cre controls and Atg5-cKO mice were purified and
treated with IL4 for 24 h, and cell apoptosis was detected. The
data showed that Atg5 deficiency reversed the antiapoptosis
effect of IL4 (Figure 3(B)), which indicated that autophagy was
essential for the IL4-induced antiapoptosis effect in B cells.

Our previous data showed that autophagy deficiency in B
cells reduced H2 expression on pulmonary B cells of asthma-
prone mice, also autophagy deletion in B cells might attenuate
T cell response in vitro (Figure 1(I–K)), these data suggested
that autophagy probably regulated antigen presentation of B
cells. To further confirm the role of autophagy in B cell antigen
processing and presentation, we assessed the capacity of OVAL
uptake and cytokine expression by Atg5-cKO B cells or Cd19-
cre B cells in the presence or absence of IL4. The data showed
that autophagy deletion and IL4 treatment did not affect
OVAL uptake (Figure S4(A,B)) or cytokine expression (Figure
S5(A–F)) by B cells. However, we found that IL4 facilitated the
expression of H2 and CD86, but had little effect on the expres-
sion of CD80 and CD40 on murine primary B cells (Figure 3
(C)). Moreover, expression levels of H2 and CD86 induced by
IL4 were reduced by autophagy inhibitor 3-MA treatment
(Figure 3(D,E)) and autophagy-related genes (Becn1 or Atg5)
deletion (Figure 3(F–I)). Together, these in vitro data demon-
strated that IL4-induced autophagy enhanced the expression of
H2 and CD86 but did not affect antigen uptake or cytokine
secretion by B cells.

To directly determine the effect of IL4-induced autophagy
on B cell antigen presentation, both Becn1+/- B cells and Atg5-
cKO B cells were first incubated with OVAL protein, or the
OVAL (323-339) peptide or the OVAL IC (OVAL immune
complex) in the presence or absence of IL4 for 24 h and then
cocultured with carboxyfluorescein succinimidyl amino ester
(CFSE)-labeled OT-II (transgene insertion 425, Frank Car-
bone) CD4+ T cells for 72 h. Flow cytometry analysis showed
that IL4-treated B cells exhibited enhanced capacity to promote
T cell proliferation when compared to control B cells, which
was reversed by autophagy deletion in B cells (Figure 4(A–C),
Figure S6(A–C)), which suggested that IL4-induced autophagy
promoted the antigen presentation by B cells. To further con-
firm these findings in vivo, CFSE-labeled OT-II CD4+ T cells
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Figure 2. Autophagy is induced by IL4 in primary B cells. (A) WT asthma-prone mice were pretreated with the JAK3 inhibitor JANEX-1 before atomized OVAL challenge.
Autophagy flux in isolated pulmonary B cells of asthma-prone mice was assessed as in Figure 1(A). Ctrl, control mice; Asth, asthma-prone mice. Bar graph represents
mean § SEM of autophagy flux; �P < 0.05, determined by the Student t test. Data are representative of 3 independent experiments. (B and C) Murine splenic B cells
were treated with murine IL4 (B) or IL13 (C) for different times (1.5, 3, 6, 12 and 24 h). The accumulation of LC3B-II was assessed by immunoblotting of whole cell lysates.
Data are representative of 3 independent experiments. (D) Pulmonary CD4+ T cells of WT asthma-prone mice were cocultured with splenic B cells of WT control mice in
the presence of OVAL and/or anti-IL4 (IL4 neutralizing antibody) according to experiment designs. Then cocultured B cells were purified, autophagy flux was assessed as
in Figure 1(A). B, B cells; T, CD4+ T cells. Bar graph represents mean § SEM of autophagy flux; ��P < 0.01, determined by ANOVA with the Tukey post hoc test. Data are
representative of 3 independent experiments. (E to G) Murine splenic B cells were treated with IL4 in the presence or absence of anti-IL4 (IL4 neutralizing antibody) for
24 h (E); or treated with IL4 or/and 3-MA for 24 h (F); or treated with IL4 for 24 h, and then CQ for the last 6 h (G). Accumulation of LC3B-II was measured by immunoblot-
ting of whole cell lysates, autophagy flux was measured as in Figure 1(A). Bar graphs (mean § SEM) in (E) and (F) represent ACTB-normalized LC3B-II density values. Bar
graph in (G) represents mean § SEM of autophagy flux; �P < 0.05, ��P<0.01, determined by ANOVA with the Tukey post hoc test (E); �P<0.05, calculated by the Student
t test (F and G). Data are representative of 3 independent experiments. (H) Murine splenic B cells were treated with IL4 for 24 h, and then CQ was added for the last 6 h,
LC3B puncta were observed by confocal microscopy. Bar graph (mean § SEM) represents the number of LC3B puncta per cell from analysis of 100 cells per condition.
DAPI was used to denote the cell nucleus. Magnification £ 600; scale bars: 5 mm. ���, P<0.001, determined by the Student t test. Data are representative of 3 indepen-
dent experiments. (I) Murine splenic B cells were left untreated or treated with IL4 for 24 h, double-membrane autophagosomes were observed by transmission electron
microscopy. Red arrows showed autophagosomes. Bar graph (mean § SEM) represents the number of double-membrane autophagosomes per cell by counting 20 cells
per condition; �, P<0.05, determined by the Mann-Whitney test. Data are representative of 2 independent experiments.
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Figure 3. Autophagy participates in the IL4-induced antiapoptosis effect and the IL4-induced expression of H2 and CD86. (A) Murine splenic B cells were treated with IL4
in the presence or absence of 3-MA for 24 h, cell apoptosis was assessed by PI (propidium iodide) and ANXA5 staining via flow cytometry. Representative dot plots and
bar graph (mean§ SEM) of the percentage of PI+ ANXA5+ B cells are showed. �, P<0.05; determined by the Mann-Whitney test. Data are representative of 3 independent
experiments. (B) Splenic B cells of Cd19-cre mice and Atg5-cKO mice were treated with IL4 for 24 h, and cell apoptosis was assessed by flow cytometry. Representative dot
plots and bar graph (mean § SEM) of the percentage of PI+ ANXA5+ B cells are showed. �, P<0.05; ns, not statistically significant; determined by the Mann-Whitney test.
Data are representative of 3 independent experiments. (C) Flow cytometry analysis of the phenotype of B cells after IL4 treatment for 24 h. Cells were stained with 7AAD,
CD19, H2, CD86, CD80 and CD40. Representative histograms are shown. Data are representative of at least 3 independent experiments. (D to I) Quantification of H2 and
CD86 on WT B cells after 3-MA treatment (D and E), or on Becn1+/¡ B cells and WT B cells (F and G), or on Atg5-cKO B cells and Cd19-cre B cells (H and I) in the presence
or absence of IL4 for 24 h. Data are presented as mean § SEM. �, P<0.05; ��, P<0.01; calculated by the Mann-Whitney test (D, E, H and I) or the Student t test (F and G).
Data are representative of 3 independent experiments, respectively. Cells were gated on 7AAD-negative cells to exclude dead cells in these experiments.
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Figure 4. Autophagy participates in the IL4-induced antigen presentation. (A to C) Splenic B cells from Becn1+/¡ mice and WT mice or from Atg5-cKO mice and Cd19-cre
mice were treated with OVAL protein in the presence or absence of IL4, then cocultured with CFSE-labeled OT-II CD4+ T cells for 72 h. The proliferation of CD4+ T cells
was measured by flow cytometry. Cell gating strategy is shown (A). Representative histograms and bar graphs (mean§ SEM) (B and C) represent the percentage of prolif-
erating T cells. ��, P<0.01; ���, P<0.001; determined by the Student t test. Data are representative of 3 independent experiments. (D and E) CFSE-labeled OT-II CD4+

T cells (PTPRCb/CD45.2+) were transferred into C57BL/6 congenic mice (PTPRCa/CD45.1+) via the tail vein intravenously; the recipient mice were immunized by OVAL-
pulsed and/or IL4-treated B cells, and 72 h later, flow cytometry was performed to assess the proliferation of recruited CFSE-labeled OT-II CD4+ T cells in axillary lymph
nodes. Cell gating strategy is shown (D). Representative histograms and bar graph (mean § SEM) (E) represent the percentage of proliferating T cells. �, P<0.05; deter-
mined by the Student t test. Data are representative of 3 independent experiments.
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(PTPRCb/CD45.2+) were transferred into PTPRCa/CD45.1+

mice intravenously, then the recipient mice were immunized
with OVAL-pulsed WT or Becn1+/- B cells treated with or with-
out IL4, 72 h later, the proliferation of CFSE-labeled CD4+ T
cells in axillary lymph nodes was measured by flow cytometry.
The data showed that IL4-treated B cells had enhanced capacity
to promote T cell proliferation, which was reversed by autoph-
agy deletion (Figure 4(D,E)). Furthermore, our data showed
that anti-CD86 neutralizing antibody substantially attenuated
antigen presentation by IL4-treated B cells. Interestingly, IL4
still promoted antigen presentation to T cell even under condi-
tions that CD86 expression was decreased to a similar level in
control B cells and IL4-treated B cells after neutralizing anti-
body treatment (Figure S7(A–C)), suggesting that IL4-induced
autophagy enhanced antigen presentation at least partially
depending on increased H2 and CD86 on B cells. Overall, these
data indicated that IL4-induced autophagy enhanced B cell
antigen presentation to antigen-specific CD4+ T cells.

IL4-induced autophagy is dependent on JAK signaling

We also studied how IL4 promoted autophagy in B cells. As we
know, the binding of IL4 to the IL4-receptor complex activates
JAK (Janus kinase; JAK1/3 herein) signaling, which is followed
by several classical intracellular cascade pathways, such as the
STAT6 pathway and the type I phosphoinositide 3-kinase-AKT
pathway [28]. To investigate whether JAK signaling was
involved in IL4-induced autophagy, we treated murine splenic
B cells with IL4 in the absence or presence of the JAK3 inhibi-
tor JANEX-1 or the JAK1 inhibitor Juxolitinib. Immunoblot-
ting analysis showed that IL4 effectively activated JAK3 and
JAK1 signaling in B cells, both of which were inhibited by
JANEX-1 or Juxolitinib, respectively (Figure 5(A,B)). Further-
more, both JANEX-1 and Juxolitinib decreased IL4-induced
autophagy flux in B cells (Figure 5(C–F)). Correspondingly,
JANEX-1 also inhibited IL4-induced autophagy flux in human
primary B cells (Figure S3). Together, these results demon-
strated that IL4-induced autophagy in B cells depended on the
activation of the JAK signaling pathway.

IL4 promotes the formation and activation of the
autophagy-specific PtdIns3K complex

Autophagy is regulated by many molecules, such as ATG pro-
teins and autophagy-related signaling pathways, such as
MTOR signaling, and signaling by phosphoinositide- or phos-
phatidylinositol 3-kinases (including type I, II, III enzymes)
[30]. To further elucidate the mechanisms by which IL4-JAK
cascade regulated autophagy, we examined the expression of
several essential ATG proteins and the activation of signaling
pathways in B cells after IL4 stimulation. We did not detect any
changes in the expression of ATG5, BECN1 and PIK3C3
(Figure S8), but LC3B-I expression was increased (Figure 2(B)).
Notably, IL4 was found to activate the inhibitory pathways of
autophagy including MTOR (EIF4EBP1 and RPS6KB), AKT
and STAT6 signaling pathways (Figure S8). Previous studies
have showed that the autophagy-specific PtdIns3K complex is
essential for the initiation of autophagy because PtdIns3P, the
only catalysis product of the kinase, is responsible for the

recruitment of essential ATG proteins to the phagophore
assembly sites [31]. Thus, we hypothesized that IL4 might regu-
late the activation of the PtdIns3K complex at the initiative
stages of autophagy. The autophagy-specific PtdIns3K complex
is composed of the catalytic subunit PIK3C3, the regulative
subunit PIK3R4, and the adaptor proteins BECN1 and ATG14.
The catalytic activity of the complex is remarkably enhanced
after PIK3R4 recruits PIK3C3 to cytoplasmic membrane struc-
tures through myristoylation [31]. We performed CoIP assays
and found that IL4 promoted the binding of BECN1 to ATG14,
PIK3R4 and PIK3C3 in murine primary B cells (Figure 6(A)),
which was inhibited by JANEX-1 (Figure 6(B)). We also found
that IL4 promoted the binding of BECN1 to ATG14, PIK3R4
and PIK3C3 in human primary B cells (Figure S9). Next, we
assessed the effect of IL4 on intracellular PtdIns3P production
by flow cytometry and found that IL4 notably increased
PtdIns3P expression in B cells (Figure 6(C–E)). Furthermore,
the accumulated intracellular PtdIns3P was colocalized with
increased LC3B-positive puncta in IL4-treated B cells (Figure 6
(F)), indicating that the increased production of PtdIns3P par-
ticipated in autophagosome formation. These data indicated
that IL4 induced autophagy in B cells via a PtdIns3K-depen-
dent pathway. It is well accepted that MTOR signaling plays an
essential role in autophagy inhibition, the activation of MTOR
inhibits autophagy mainly through keeping the ULK1 (unc-51
like kinase 1) complex in an inactive state [32-34]. To further
verify the role of MTOR and PtdIns3K in IL4-induced autoph-
agy, murine primary B cells were silenced by Becn1 siRNA
(small interfering RNA) or Ulk1 siRNA (Figure S10) prior to
IL4 treatment. It was found that Becn1 silencing reduced IL4-
induced autophagy but Ulk1 silencing had little inhibitory effect
on IL4-induced autophagy (Figure 6(G)). Therefore, these
results suggested that IL4 induced autophagy via an MTOR-
independent and PtdIns3K-dependent pathway.

Discussion

In recent decades, genome-wide association studies have identi-
fied strong links of Atg5 and Atg7 allele polymorphisms in both
childhood and adult asthma [8,35] and increased autophago-
somes are observed in bronchial epithelial cells of asthma
patients [9]. Although it is known that during asthmatic devel-
opment, a large number of B cells are recruited to pulmonary
parenchyma and activated B cells participate in asthma patho-
genesis mainly through antigen-specific antibody production
and antigen presentation [14-16], the role of B cell autophagy
in asthma pathogenesis remains largely unclear. In this study,
we find that autophagy is enhanced in pulmonary B cells of
asthma-prone mice while B cell autophagy deficiency leads to
attenuated immunopathological symptoms, which demonstrate
that B cell autophagy participates in the pathogenesis of allergic
asthma.

Previous studies have revealed that autophagy is important
for B cell function [17,18]. In the study, elimination of autoph-
agy in CD19-positive B cells did not impair B cell development
in the bone marrow, and the proportions of splenic B cell sub-
sets were also not changed in Atg5-cKO mice compared to
Cd19-cre controls. Consistent with previous findings, the num-
bers of peritoneal B1a cells and plasma cells in the spleen and
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MLN were decreased in Atg5-cKO asthma-prone mice com-
pared to Cd19-cre asthma-prone mice [17,18,20]. Thus, it is
plausible that decreased serum levels of IgE may be partially
attributed to reduced number of plasma cells in Atg5-cKO
asthma-prone mice. Our data also showed that autophagy dele-
tion in B cells led to decreased number of pulmonary B cells
and reduced expression of H2 on pulmonary B cells, which
indicated that autophagy might promote the survival of pulmo-
nary B cells and enhanced B cell antigen presentation in
asthma. Overall, our in vivo data indicated that B cell autoph-
agy participated in the pathogenesis of asthma through multi-
ple mechanisms.

Previous studies have shown that ATG5-dependent LC3-
associated phagocytosis (LAP) can promote the acidification of
phagosomes and the killing of the ingested organisms and
enhance intracellular antigen processing and presentation in
macrophages [36-39]. To determine whether LAP is involved
in regulating B cell function, we treated murine peritoneal mac-
rophages or splenic B cells with Alexa Fluor 594-labelled zymo-
san particles for different time intervals and examined the

frequency of LAP in macrophages or B cells. Consistent with
previous studies [36,39] zymosan particles triggered LAP in
macrophages, but we did not detect any obvious LAP in zymo-
san particles-treated B cells (Figure S11(A,B)), suggesting that
LAP may not be involved in B cell function.

Autophagy in immune cells is accurately modulated by vari-
ous stimuli, such as stressful metabolic conditions [31], patho-
gen-associated molecular patterns or cytokines [25,40]. Of these,
cytokines are specially emphasized in autophagy regulation [25].
Previous studies have shown that the Th1 cytokine IFNG indu-
ces autophagy in macrophages or tumor cells [41,42]. However,
Th2 cytokines, such as IL4 and IL13, inhibit autophagy in mac-
rophages under starvation or IFNG stimulation [30]. Recent
studies have demonstrated that IL4 stimulates autophagy in acti-
vated CD4+ Th2 cells and dendritic cells [26,43] and IL13 indu-
ces autophagy in bronchial epithelial cells [27]. These literatures
suggested that Th2 cytokines have paradox effects on autophagy
induction in different cell-types. Our in vivo and in vitro experi-
ments showed that IL4 specifically induced autophagy in pri-
mary B cells, but IL13 had little effect on B cell autophagy. It is

Figure 5. JAK signaling is required for IL4-induced autophagy in B cells. (A and B) Murine splenic B cells were treated with IL4 for 15 min in the presence or absence of the
JAK3 inhibitor JANEX-1 (A) or the JAK1 inhibitor JUXO (Juxolitinib) (B), respectively. The phosphorylation of JAK3 and JAK1 was detected by immunoblotting of whole cell
lysates. Data are representative of 2 independent experiments. (C to F) Murine splenic B cells were treated with IL4 for 24 h in the presence or absence of JANEX-1 (C and
E) or JUXO (D and F), respectively. CQ was added for the last 6 h. The accumulation of LC3B-II was measured by immunoblotting of whole cell lysates. Bar graphs (mean
§ SEM) represent of the impact of JANEX-1 (E) and JUXO (F) on IL4-induced autophagy flux in B cells as assessed in Figure 1(A). ��, P<0.01; determined by the Student t
test. Data are representative of 3 independent experiments.
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still unknown why IL4 and IL13 have distinct effects on B cell
autophagy. Previous studies have demonstrated that there are 2
types of functional IL4 receptor complexes: The type I IL4R
complex (which is composed of IL4RA and IL2RG/CD132/gc
chain [interleukin 2 receptor, gamma chain]) and the type II
IL4R complex (which is composed of IL4RA and IL13RA1
[interleukin 13 receptor, alpha 1]) [28]. IL4 binds to both type I
and II IL4R complexes, while IL13 only binds to the type II
IL4R complex [28]. Our Q-PCR data showed that the expression
of Il13ra1 was very low, but the expression of Il4ra was very
high in murine primary B cells (data not shown), which helped

to explain the different biological effects of IL13 and IL4 on B
cells. On the other way, the type I IL4R complex mainly activates
JAK1 and JAK3 signaling, but the type II IL4R complex mainly
activates JAK1 and JAK2 signaling [28]. Our data show that the
JAK1/3 pathway is essential for autophagy induction, which sug-
gests that the difference of activated downstream signaling may
account for disparity in autophagy induction by IL4 and IL13.
Taken together, the data in our study not only provided new
insights in B cell autophagy regulation during allergic asthma,
but also supported the notion that autophagy in immune cells is
regulated by cytokines depending on cell types.

Figure 6. IL4 promotes the formation and activation of the autophagy-specific PtdIns3K complex in murine primary B cells. (A) Murine splenic B cells were treated with IL4
for different times (2, 4 and 6 h). The binding of BECN1 to PIK3C3, ATG14 and PIK3R4 was analyzed by CoIP with anti-BECN1 antibody. WCL, whole cell lysates. Data are
representative of 3 independent experiments. (B) Murine splenic B cells were treated with IL4 in the presence or absence of the JAK3 inhibitor JANEX-1 for 2 h. The bind-
ing of BECN1 to PIK3C3, ATG14 and PIK3R4 was analyzed by CoIP with anti-BECN1 antibody. WCL, whole cell lysates. Data are representative of 3 independent experi-
ments. (C to E) Splenic B cells were treated with IL4 in the presence or absence of JANEX-1, intracellular accumulation of PtdIns3P was measured by flow cytometry (C).
Bar graphs (mean § SEM) represent the percentage of PtdIns3P+ B cells (D) and intracellular PtdIns3P MFI (mean fluorescence intensity) (E). Iso, isotype control antibody.
�, P<0.05; ��, P<0.01; ns, not statistically significant; determined by the Student t test. Data are representative of 3 independent experiments. (F) The location of cyto-
plasmic PtdIns3P and LC3B puncta in B cells after IL4 treatment was observed by confocal microscopy. DAPI was used to denote the cell nucleus. Data are representative
of 2 independent experiments. (G) Becn1 silencing or Ulk1 silencing was performed in murine primary B cells, respectively, and NC (negative control) siRNA was used as
control siRNA. Then B cells were treated with IL4 for 24 h, CQ was added for the last 3 h. The accumulation of LC3B-II was assessed by immunoblotting of whole cell
lysates. Bar graphs (mean § SEM) represent ACTB-normalized LC3B-II density values; �, P<0.05; ns, not statistically significant;determined by the Student t test. Data are
representative of 2 independent experiments.
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As a multifunctional cytokine, IL4 plays an essential role in
the regulation of B cell functions [44]. IL4 sustains the survival
of resting as well as activated B cells [29], increases the expres-
sion of H2 and FCER2A on B cells and enhances antibody
class-switching to IgE and IgG1/4 [44]. Our data showed that
autophagy deletion in B cells not only decreased the antiapop-
tosis effect of IL4, but also attenuated the expression of H2 and
CD86 as well as antigen presentation by IL4-treated B cells.
These results indicate a novel role of IL4 in promoting autoph-
agy induction and B cell function. Previous studies have dem-
onstrated that autophagy promotes cell survival mainly
through maintaining energy homeostasis and removing intra-
cellular impaired proteins/ cytoplasmic organelles and ROS
[45]. The activation of the IL4R complex promotes the initia-
tion of many anabolic processes [28], during which a large
amount of unfolded proteins, impaired mitochondria and ROS
are produced. Accordingly, we speculated that IL4-induced
autophagy maintained B cell survival through eliminating met-
abolic wastes during anabolic processes. Currently, it remains
unclear how IL4-induced autophagy promotes the expression
of H2 and CD86 on B cells. It is likely that IL4 activates several
intracellular signaling cascades (such as MTOR, IRS1/2, and
AKT) and initiates the transcription and translation of a spec-
trum of genes [28], resulting in upregulated expression of H2
and CD86 in B cells. Because autophagy participates in intracel-
lular traffic of vacuoles and protein [46], enhanced autophagy
by IL4 may promote the translocation of newly synthesized H2
and CD86 from the ER and/or Golgi apparatus to the mem-
brane of B cells. Notably, previous studies have shown that
autophagy boosts endogenous H2 antigen presentation, but has
no effect on exogenous H2 antigen presentation in IL4-treated
dendritic cells [43], which is different from our observation in
B cells. Thus, the differential impact of IL4-mediated autophagy
on exogenous antigen presentation in dendritic cells and B cells
warrants further investigation. Furthermore, previous studies
have assumed that autophagy plays no role in B cell antigen
presentation as they found that autophagy deletion did not
impact germinal center formation after the immunization of
thymus dependent antigen [19,22]. However, our data found
that autophagy deficiency decreased the expression of H2 on
pulmonary B cells of asthma-prone mice, and IL4-induced
autophagy promoted the expression of H2 and CD86 on B cells
in vitro. In addition, IL4-induced autophagy enhanced T cell
proliferative response mediated by B cells, indicating that IL4-
induced autophagy promoted B cell antigen presentation.
Thus, the difference in experimental conditions and B cell sub-
sets examined might be the 2 main causes for the inconsistency
of current findings. Taken together, our data provide strong
evidence that IL4 modulates B cell function through inducing
autophagy.

Cytokines regulate autophagy through distinct mechanisms.
The Th1 cytokine IFNG induces autophagy by promoting the
expression of IRGM1 [41]. Th2 cytokines, mainly IL4 and
IL13, are reported to inhibit starvation- or IFNG- induced
autophagy through the activation of AKT or STAT6 signaling
[30]. Interestingly, previous studies have revealed that IRS2
activation enhances autophagy via the activation of PIK3C3
and occurs despite proper activation of MTOR, AKT and
RPS6KB/p70S6K, indicating the existence of MTOR-

independent autophagy [47]. Although our results on the
mechanism of IL4-induced autophagy in B cells are consistent
with the findings by Yamamoto et al [47], we have provided
new evidence that IL4 promoted the formation and activation
of the ATG14-BECN1-PIK3R4-PIK3C3 complex that is essen-
tial for the nucleation, elongation and formation of autophago-
somes [31]. Notably, MTOR inhibits autophagy mainly
through the deactivation of ULK1 via direct phosphorylation
[34]. Our data showed that Becn1 silencing inhibited IL4-
induced autophagy, but Ulk1 silencing had little effect on IL4-
induced autophagy in B cells. Together, these results confirmed
that IL4 induced autophagy via an MTOR-independent,
PtdIns3K-dependent pathway.

Overall, our data demonstrate that IL4 induces autophagy in
B cells via an MTOR-independent and PtdIns3K-dependent
pathway, which further exacerbates asthma pathogenesis
through multiple mechanisms. The study not only extends the
knowledge of autophagy regulation in B cells, but also provides
a potential strategy to target B cell autophagy for clinical ther-
apy of allergic diseases.

Materials and methods

Mice

C57BL/6 mice were purchased from Joint Ventures Sipper BK
Experimental Animal, Shanghai. Becn1+/¡ mice, Cd19-cre mice,
OT-II mice and PTPRCa/CD45.1+ mice were obtained from the
Jackson Laboratory, USA. Atg5flox/flox mice were purchased from
RBRC, Japan. All mice were generated as previously described
[48]. Mice were maintained in specific-pathogen free condition.
All animal studies were performed with approvals from the Sci-
entific Investigation Board of the Second Military Medical Uni-
versity, Shanghai, China. Mice were used at 6 to 8 wk of age.
Age and gender were matched for all animal experiments.

OVAL-sensitized asthma model

Age-and gender-matched C57BL/6 mice were immunized with
OVAL in aluminum adjuvant (ThermoFisher, 77161) on d 1
and d 14 intraperitoneally. On d 21 to 23, mice were challenged
with atomized OVAL (Sigma, A5503; 2.5% w:v in PBS) for
30 min every day. On d 24, mice were sacrificed, serum, BALF,
lung tissues, peritoneal lavage fluid, spleens, bone marrow tis-
sues and mesenteric lymph nodes were collected.

To determine the role of Th2 cytokines on B cell autophagy
in vivo, asthma-prone mice were injected intraperitoneally with
JANEX-1 (MedChem Express, HY-15508; 50 mg/g/day) in PBS
(phosphate-buffered saline; HyClone, SH30256.01B) on d 19 to
23. On d 21 to 23, mice were challenged with atomized OVAL
(2.5% w:v in PBS) for 30 min every day. On d 24, mice were
sacrificed and lung tissues were collected. Pulmonary B cells
isolation and autophagy flux assessment were performed as
described [26].

Preparation of pulmonary B cells or CD4+ T cells

Lung leukocytes were isolated with collagenase IV (Gibco,
17104-019) dispersion and Percoll (G&E Healthcare, 17-0891-
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09) gradient centrifugation as described [16]. Pulmonary CD4+

T cells or B cells were purified with anti-mouse CD4 microbe-
ads (Miltenyi Biotech, 130-049-201) or biotin-conjugated anti-
human/mouse PTPRC antibody (eBioscience, 13-0452-86) and
anti-biotin microbeads (Miltenyi Biotech, 130-090-485) by
MACS (magnetic-activated cell separation). For autophagy flux
assessment, pulmonary B cells were treated with or without CQ
(Sigma, C-6628) for 3 h before processing the immunoblotting.

Flow cytometry

For flow cytometry, the following monoclonal antibodies
were obtained from BD Pharmingen: antibodies to
ADGRE1 (T45-2342, 565410), CD4 (RM4-5), CD5 (53-7.3,
553022), CD19 (1D3, 561738), CD40 (3/23, 553790),
PTPRC/CD45 (30-F11, 563890), PTPRCa/CD45.1 (A20,
553775), PTPRCb/CD45.2 (104, 560695), CD80 (16-10A1,
553769), CD86 (GL1, 558703), CR2 (7G6, 561769), FCER2A
(B3B4, 561773), H2 (25-9-17, 553605), IgD (11-26c.2a,
558597), IgM (R6-60.2, 550881), ITGAM (M1/70, 562950),
LY6G (1A8, 565369), PTPRC/CD45R (RA3-6B2, 553092),
SDC1 (281-2, 553714), SIGLECF (E50-2440, E50-2440),
SPN (S7, 561856), Va2-TCR (B20.1, 562085). All mAbs for
flow cytometry were diluted in 1:100. Purified anti-mouse
CD16/32 (BD Pharmingen, 553141) was used to block
FCGRs (Fc receptor, IgG) on cells and reduce nonspecific
staining. Surface staining was performed as described previ-
ously [48]. For intracellular PtdIns3P staining, cultured B
cells were fixed with BD Fixation & Permeabilization solu-
tion (BD, 51–2090KZ) and stained cytoplasmic PtdIns3P
according to the manufacturer’s instructions (eChelon, Z-
P003). For the antigen phagocytosis assay, OVAL-Tracy 652
conjugate was obtained from Sigma-Aldrich (09209), anti-
gen phagocytosis was performed as described previously
[48]. 7AAD (7-amino-actinomycin D; BD, 556570) was
added to samples before flow cytometery to exclude dead
cells. The data were acquired on a LSR-II flow cytometer
(Becton Dickinson, San Jose, CA, USA) and analyzed using
BD FACSDiva software or FlowJo software.

Enzyme-linked immunosorbent assay (ELISA)

For ELISA assays, biotin-conjugated antibody of mouse IgE
(13-5992), mouse IL4 platinum ELISA kit (BMS613) and
mouse IL13 platinum ELISA kit (BMS6015) were purchased
from e-Bioscience. OVAL-specific IgE in serum of asthma-
prone mice were assessed as described previously [49]. IL4 and
IL13 were detected following the manufacturer’s protocols.

H&E staining and PAS staining

The lungs from control mice or asthma-prone mice were fixed
with cold 4% paraformaldehyde (Sigma-Aldrich, P6148) in
PBS, pulmonary infiltration of inflammatory cells was detected
by H&E (hematoxylin and eosin) staining, and mucus produc-
tion in bronchi was assessed by PAS (periodic acid Schiff)
staining as previously described [16]. Mucus production on
lung sections was quantified with ImageJ software.

Coculture of T cells and B cells in vitro

Pulmonary CD4+ T cells from WT asthma-prone mice were
isolated with anti-mouse CD4 micro-beads (Miltenyi Bio-
tech, 130-049-201) by MACS, splenic B cells from WT con-
trol mice were purified with Pan B cell isolation kit II
(Miltenyi Biotech, 130-104-443) by MACS. Purified pulmo-
nary CD4+ T cells and splenic B cells were cocultured in
complete medium (RPMI 1640 [PAN F04-16500] plus 10%
fetal bovine serum [Biowest, S1820-500], 1% antibiotic-anti-
mycotic [Gibco, Anti-Anti, 100X], 2 mM L-glutamine
[Sigma, G3126] and 50 mM b-mercaptoethanol [Gibco,
21985]) in the absence or presence of OVAL protein.
5 days later, supernatants were collected for ELISA assays.
In some experiments, 2 to 3 d later, B cells were purified
from cocultured B and T cells by MACS using anti-mouse
CD4 micro-beads (Miltenyi Biotech, 130-049-201), and
treated with CQ for 3 h. The accumulation of LC3B-II in B
cells was measured by immunoblotting of whole cell lysates,
and autophagy flux was assessed as previous described [26].

Quantitative PCR analysis of mRNA expression

The mRNA in B cells was extracted and converted into
cDNA with a Reverse Transcription Kit (TaKaRa, RR036A)
following the manufacturer’s protocol. Quantitative PCR
was performed with SYBR solution purchased from TaKaRa
(RR420A) following the manufacturer’s protocol. The fol-
lowing primer pairs were purchased from Sangon Biotech
and used for quantitative PCR: Il2:Forward:5’-GTGCTCC-
TTGTCAACAGCG-3’; Reverse:5’-GGGGAGTTTCAGGTT-
CCTGTA-3’; Il4:Forward:5’-CCCCAGCTAGTTGTCATCC-
TG-3’; Reverse:5’-CAAGTGATTTTTGTCGCATCCG-3’; Il6:
Forward:5’-CTGCAAGAGACTTCCATCCAG-3’; Reverse:5’-
AGTGGTATAGACAGGTCTGTTGG-3’; Il10:Forward:5’-G-
CTGGACAACATACTGCTAACC-3’; Reverse:5’-ATTTCC-
GATAAGGCTTGGCAA-3’; Il12b:Forward:5’-ATGGAGT-
CATAGGCTCTGGAAA-3’; Reverse:5’-CCGGAGTAATTT-
GGTGCTTCAC-3’; Ifng:Forward:5’-ATGAACGCTACAC-
ACTGCATC-3’; Reverse:5’-CCATCCTTTTGCCAGTTCC-
TC-3’; Becn1:Forward:5’-AGGCGAAACCAGGAGAGAC-3’;
Reverse:5’-CCTCCCCGATCAGAGTGAA-3’; Ulk1:Forward:5’-
AAGTTCGAGTTCTCTCGCAAG-3’; Reverse:5’-CGATGTTT-
TCGTGCTTTAGTTCC-3’; Actb:Forward:5’-GCCCTAGGCAC-
CAGGGTGTGAT-3’; Reverse:5’-GGTGAGCAGCACAGGGTG-
CT-3’.The DDCt method was used for data analysis.

Murine B cell culture and treatment

B cells were cultured with complete RPMI 1640 medium (plus
10% fetal bovine serum, 1% antibiotic-antimycotic, 2 mM L-
glutamine, 50 mM b-mercaptoethanol) at 37�C with 5% CO2.
Murine recombinant IL4 (R&D, P07750) or recombinant
HsIL4 (R&D, 204-IL-010/CF) were used for cell stimulation.
We did not stimulate primary B cells with BCR ligands or other
receptor ligands before or simultaneously with IL4 treatment.
The PtdIns3K inhibitor 3-MA (3-methyladenine; Sigma,
M9281) or the lysosome inhibitor CQ was used as autophagy
inhibitors in the study.
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Isolation of human peripheral blood B cells

Peripheral blood of healthy donors was layered over a Ficoll
gradient (G&E Healthcare, 17-1440-03) and centrifuged at
1000 g for 30 min. The mononuclear cells were then collected,
and human primary B cells were purified with anti-human
CD19 microbeads (Miltenyi Biotech, 130-050-301) by MACS
following the manufacturer’s protocol.

Confocal microscopy

B cells were fixed with cold 4% paraformaldehyde in PBS for
20 min at 4�C. After washing with 1 £ PBS, B cells was
adjusted to 1 £ 106 cells/ml in PBS and placed on glass slides.
After blocking in 2% goat serum (Gibco, 16210064) for 1 h at
room temperature, slides were incubated with primary antibod-
ies diluted in blocking buffer overnight at 4�C. After washing
with 1 £ PBS, slides were incubated with Alexa Fluor 488-
conjugated secondary antibodies (Life Technologies, A-11034)
or Alexa Fluor 546-conjugated secondary antibodies (Life
Technologies, A-11030) diluted in blocking buffer for 1 h. The
slides were then washed and mounted. Images were taken on a
Nikon Confocal microscope (A1R+, Japan).

To determine whether LAP occurred in B cells, murine peri-
toneal macrophages or splenic B cells were incubated with
Alexa Fluor 594-labelled zymosan particles (Molecular Probes,
Z23374) for different time intervals as previously described
[36], and then cells were fixed and stained with anti-LC3B
(Abcam, ab51520) antibody. The colocalization of LC3B and
zymosan particle-containing phagosomes was detected by con-
focal microscopy.

Transmission electron microscopy

B cells were washed with cold 1 £ PBS and fixed with 2% para-
formaldehyde in PBS, then treated with 1% OsO4 in PBS,
washed in propylene oxide, and bedded in araldite resin
(Sigma-Aldrich, A3183). Cutted ultrathin sections were col-
lected on 300-mesh grids (Sigma, G4901), and stained with ura-
nyl acetate and lead citrate. Finally, sections were viewed and
imaged with a Hitachi transmission electron microscope sys-
tem (H-7100FA, Tokyo, Japan).

B cell antigen presentation assay in vitro

For in vitro B cell antigen presentation assay, isolated
murine splenic B cells were incubated with OVAL protein
or OVAL (323-339) peptide (Sigma, O1641) or OVAL IC
(OVAL immune complex, which was prepared with mono-
clonal anti-OVAL antibody [Sigma, SAB4200702] as
described previously) in the presence or absence of IL4 for
24 h [50]. Dead cells were removed by negative magnetic
separation using ANXA5 staining (BD, 556570). Purified
live B cells were either directly cocultured with CFSE (Invi-
trogen, C34554)-labeled OT-II CD4+ T cells or pretreated
with anti-CD86 neutralizing antibody (R&D, MAB741-SP)
for 1 h at 4�C before coculturing with CFSE-labeled OT-II
CD4+ T cells in U-bottom 96-well plates (Thermo Scientific,

143761) for 72 h. The proliferation of T cells was measured
by flow cytometry.

B cell antigen presentation assay in vivo

For in vivo B cell antigen presentation assay, purified CD4+ T
cells from OT-II mice were labeled with 10 mM CFSE (Invitro-
gen, C34554), 3 £ 106 CFSE-labeled CD4+ T cells (PTPRCb/
CD45.2+) were transferred into the recipient PTPRCa/CD45.1+

mice by intravenous injection. Then, the recipient mice were
immunized with 3 £ 107 purified live B cells incubated with
OVAL protein in the absence or presence of IL4. Three d later,
axillary lymph nodes were collected and single cell suspensions
were prepared. The proliferation of CFSE-labeled CD4+ T cells
was measured by flow cytometry.

Immunoblotting and CoIP assay

Whole cell extracts were prepared with cell lysis buffer (Cell sig-
naling technology, 9803S) supplemented with protease inhibitors
PMSF (Phenylmethanesulfonyl fluoride; sigma, P7626) and
Cocktail Set III (Calbiochem, 539134). Protein concentration in
the extracts was measured using the Pierce BSA Protein Assay kit
(Thermo pierce, 23227). Immunoblotting and CoIP assays were
performed as previously described [51]. Antibodies to
MAP1LC3B/LC3B (ab51520, 1:3000 dilution) were obtained
from Abcam. The following antibodies were purchased from Cell
Signaling Technology: Antibodies to ATG5 (D5G3, 9980, 1:1000
dilution), BECN1 (D40C5, 3495, 1:1000 dilution), EIF4EBP1
(9452, 1:1000 dilution), JAK1 (6G4, 3331, 1:1000 dilution), JAK3
(D7B12, 8863S, 1:1000 dilution), phospho-EIF4EBP1 (Thr37/46,
236B4, 2855, 1:1000 dilution), phospho-JAK1 (Tyr1022/1023,
3331, 1:1000 dilution), phospho-JAK3 (Y980/981, D44E3, 5031S,
1:1000 dilution), phospho-RPS6KB (Thr389, 1A5, 9206, 1:1000
dilution), PIK3C3 (D9A5, 4263, 1:1000 dilution), RPS6KB (9202,
1:1000 dilution). Antibodies to ACTB (I-19, sc-1616, 1:500 dilu-
tion), phospho-STAT6 (sc11762, 1:1000 dilution), PIK3R4 (H-
300, sc-292736, 1:500 dilution) and STAT6 (sc-981, 1:500 dilu-
tion) were obtained from Santa Cruz Biotechnology. HRP-linked
antibody to goat IgG (Santa Cruz, sc-2020, 1:500 dilution), HRP-
linked antibody to rabbit IgG (Cell Signaling Technology,7074S,
1:1000 dilution), and HRP-linked antibody to mouse IgG
(Cell Signaling Technology, 7076P2, 1:1000 dilution) were used
as secondary antibodies. Protein A/G plus-agarose (Santa Cruz
Biotechnology, sc-2003), normal rabbit IgG (Santa Cruz Biotech-
nology, sc-2027), normal mouse IgG2a (Santa Cruz Biotechnol-
ogy, sc-3878), and BECN1 (E8, Santa Cruz Biotechnology,
sc-48341) were used in CoIP assays.

siRNA silencing

Murine Becn1 siRNA and Ulk1 siRNA were purchased from
SyngenTech company. Lipofectamine RNAiMAX (Invitrogen,
13778-150) was used as the transfection reagent. siRNA silenc-
ing experiments were performed following the manufacturer’s
protocol, and the efficiency of gene silencing was validated by
quantitative PCR. For immunoblotting assays, siRNA-trans-
fected B cells were stimulated with IL4 for 12 h, and CQ was
added for the last 3 h.
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Statistics

Statistical analysis was performed using a Student t test, a
Mann-Whitney test, or an ANOVA test with a Tukey post-hoc
test via IBM SPSS Statistics version 21. A P value less than 0.05
was considered significant.
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